Using the subcutaneous chamber model of infection, we showed previously that a mixture of four endodontic pathogens (EP: P. intermedia, F. nucleatum, S. intermedius and P. micra) are able to persist without clearance for up to seven days, while a non-pathogenic oral species, S. mitis, was substantially cleared in this time. Here we have compared the cytokine response inside the chambers against these microorganisms. A majority of cytokines tested (17/24) showed different patterns of expression. Several cytokines had a peak of expression at 2 h after infection in response to the EP, while none showed this pattern in S. mitis infections. Chemokines were uniformly present at similar or higher levels in response to S. mitis, with redundant expression of CXCR2 ligands, while several growth/survival factors were present at higher levels in EP infections. Protease activity expressed by EP may be responsible for the lower levels of some chemokines. T-cell associated cytokines were in general expressed at extremely low levels, and did not differ between the two infections. The inflammatory markers IL-6, IL-1α and IL1-β were expressed at similar levels in both infections at early times, while TNFα was preferentially present in S. mitis infections. In EP infected chambers, reciprocal changes in levels of IL-6 and IL-1α were observed at later times suggesting a switch in the inflammatory response. Analysis of the cytokine response to infection with the individual species from the EP mix suggests that P. intermedia drives this inflammatory switch. Together these results show a surprising level of divergence of the host response to pathogenic and non-pathogenic organisms associated with oral infections, and supports a dominant effect of P. intermedia in polymicrobial endodontic infections.
Introduction
Endodontic infections (also known as apical periodontitis) are always polymicrobial [1] , and can induce an intense host inflammatory response leading to pulpitis and necrosis [2] . Endodontic diseases are common, with lifetime prevalence estimates as high as 20-100% infections per individual [3] . The innate immune response to microbial species involved in the etiology of Animal Care and Use Committee under protocol # 11-009. The Forsyth Animal Program is fully accredited by AAALAC.
Bacterial preparations
Bacterial species used for infection were all obtained from ATCC and maintained as frozen stocks at Forsyth. Endodontic pathogens (EP) included Prevotella intermedia (ATCC 25611), Streptococcus intermedius (ATCC 27335), Fusobacterium nucleatum (ATCC 25586), and Parvimonas micra (ATCC 33270): these species were grown on Trypticase Soy Agar with 5% sheep blood (TSA II plate, BBL) under anaerobic conditions (80% N 2 , 10% H 2 and 10% CO 2 ). Streptococcus mitis was grown in Todd-Hewitt broth. Bacteria for injection were prepared as described previously [11] . For chamber infection, individual species, mixtures of the four species, or S. mitis were diluted into PBS at 1x10 9 CFU /100μl.
Cytokine Analyses
Chamber fluid collected from two chambers per mouse was pooled and centrifuged at 240 x g for 5 min at 4°C, and the supernatant stored at -80°C. Prior to analysis, protease inhibitor cocktail (Roche) was added according to the manufacturer's instructions. Fifty microliters of each supernatant was used for analysis of 24 cytokines and chemokines using a custom mouse 24-plex panel (Millipore, MCytoMag 70K) according to the manufacturer's instructions. For analysis of cytokine induction by individual species, a custom mouse 5-plex panel was used.
Samples were analyzed using a Bio-Plex 200 apparatus, and concentrations determined from standard curves run in parallel. Cytokine concentrations obtained from these analyses were corrected for dilution during the collection process, and are reported as the estimated original concentrations in the chambers. Each sample was in a single well.
Protease Assay
Cysteine proteases were assayed using the fluorescent substrate BOC-Val-Leu-Lys-AMC (Bachem). Reactions included chamber fluid and 0.25 mM substrate in 0.1M Tris pH 7.5/50 mM EDTA. Roche Complete Mini Protease Inhibitor (EDTA-free) was added to 1x where indicated. Reactions were performed in black plates at 37°C in a BMC Optima spectrophotometer; fluorescence was determined at 460 nm every minute for 1 h. The slope of the curve in the linear portion was determined using the Optima software.
Western Blot
KC (Peprotech, 25 ng/reaction) was incubated with chamber fluid at 37°C for 14 h with or without Roche Protease Inhibitor as indicated. 2 x SDS PAGE sample buffer was added and samples were separated on 4-20% Tris-MOPS gels (Genscript), and transferred to PVDF membranes. KC was identified using a biotinylated rabbit anti-mouse KC antibody (Peprotech) followed by streptavidin peroxidase (Roche). Three samples from individual mice were analyzed in parallel.
Statistical Analysis
Data are presented as mean +/-SEM. For EP and S. mitis infections, n = 6 for the 0 h time point, 9 for 2, 12 and 24 h and 5 for 72 and 168 h (7 days). For time courses, data are plotted at equal intervals along the x-axis for clarity. Statistical significance between groups at each time point was determined by unpaired t-test with Bonferonni correction for multiple comparisons [13] , p < 4 x 10 -4 was considered significant ( ÃÃÃ ). 1 way ANOVA was used to compare values across different time points using Graph-Pad Prism.
Results

Acute cytokine response
We compared the cytokine response to two kinds of infection in the subcutaneous mouse chamber model. Chambers were infected with either a mixture of four endodontic pathogens: P. intermedia, F. nucleatum, S. intermedius, and P. micra (EP), which have been well documented to cause periapical lesions and associated bone loss in mice [7, 9, 14] , or a non-pathogenic oral bacterial species Streptococcus mitis, a commensal oral organism not strongly associated with oral infections. Chamber fluid was collected at different times after infection, and cytokine expression was determined by Luminex analysis in the presence of protease inhibitors. Cytokine expression levels determined in chamber fluid were corrected for the estimated dilution during collection (about 7-fold) so the values reported are the estimated actual concentrations inside the chamber during the response to infection. A striking difference in the response to these two infections was a strong but transient induction of high levels of many cytokines immediately after infection with the endodontic pathogens. About half the chemokines and cytokines analyzed showed this acute pattern of expression, with peak levels at 2 h after infection, returning to near baseline by 12 h post infection. In S. mitis infected chambers, in contrast, no cytokines were present at higher levels at 2 h than at 12 h. Fig 1 shows 
CXCR2 ligands
Physiologically relevant concentrations (50-200 ng/ml) of the three CXCR2 ELR+ chemokine ligands expressed in mouse (KC, MIP-2 and LIX) were measured in chamber fluids (Fig 2A-2C ). Only MIP-2 was expressed at similar levels in response to both infections. Furthermore the total level of MIP-2 was maintained at a constant level throughout the duration of the infection. This was the case in both the EP and S. mitis infected chambers, consistent with the continued presence of neutrophils in these chambers even at later time points (Fig 2D) . However, the other two ELR+ chemokines, KC and LIX, were found at much lower levels in EP infected chambers as compared to S. mitis. Note that both these chemokines show the acute response as described in Fig 1. This observation suggests that MIP-2 alone is sufficient for neutrophil recruitment, since neutrophil levels were similar in response to either infection [11] . There was a significant increase in total cell numbers (predominantly neutrophils) at 168 h in both chambers, and this increase was significantly higher in the EP infected chambers than in S. mitis infection (Fig 2D) [11] . However, this was not reflected in increased expression of the CXCR2 ligands, suggesting that an alternative mechanism to recruit neutrophils is employed by 7 days after infection.
P. intermedia produces a number of proteases, including a cysteine protease interpain, which can degrade complement [15] and participates in iron acquisition [16] . Protease activity was measured in chamber fluid from EP and S. mitis infected chambers using the substrate Val-Leu-Lys-AMC: this activity was significantly higher in EP infected chambers at 24 h after infection (Fig 3A and 3B ). Val-Leu-Lys is a substrate for interpain, however, the measured activity was not blocked by the cysteine protease inhibitor E64 (data not shown), suggesting that serine proteases, even including host proteases such as plasmin may be responsible for this activity. Therefore, we considered the possibility that the lower levels of KC or LIX in EP infected chambers could be due to proteolytic degradation. EP or S. mitis chamber fluid was incubated in vitro (37°C for 14 h) with purified KC with or without protease inhibitor, and the amount of KC remaining determined by western blot. The results indicated that about 65% of KC was degraded/lost in this assay in EP chamber fluid, while more than 100% of the KC was recovered from S. mitis chamber fluid (p<0.05, n = 3, representative blot shown in Fig 3C) , suggesting that proteolytic degradation may be responsible for the lower levels of KC in EP infected chambers, and possibly other cytokines as well.
Low level expression of cytokines associated with the adaptive immune response
Levels of several interleukins (IL-2, IL-12p70, IFNγ, IL-17) associated with Th1 and Th17 responses were also examined in these chamber fluids (Fig 4) . These were expressed at very low (sub-nanogram/ml) levels, and in some cases (IL-12p70 and IL-17) expression was not significantly increased above the uninfected control level at most time points. Interferon-γ was expressed at relatively high levels, and was significantly higher in EP infected chambers than in S. mitis at 24 and 72 h. IL-10 was expressed at higher levels (up to 4 ng/ml), but in a transient manner, with a peak of expression at 12 h, returning to baseline thereafter.
Expression of inflammatory mediators
Expression of the inflammatory mediators IL-1α, IL-1β, and IL-6 was similar in EP and S. mitis infected chambers at early times (2-24 h): even though there were significant differences at some time points. The peak of IL-1β expression was at 2 h in EP infection, but not until 12 h in S. mitis infection, but over the course of infection, the levels of this cytokine were similar in both cases. (Fig 5) . Of interest however is the increase in IL-1α expression at later times in response to EP, but not S. mitis infection. As described previously, infections in the EP chambers do not resolve, and by 168 h, swelling and pus formation was observed [11] . This coincides with a 6-fold increase in IL-1α as compared to the level at 12 h after infection. This observation suggests that IL-1α at least partially mediates the escalation in inflammation observed 7 days after infection with EP organisms, which are unable to be cleared by the host innate immune system. Interestingly, this increase in IL-1α is accompanied by a decrease in IL-6 expression, suggesting a shift in the nature of the response to these infections at later times. By contrast, the levels of expression of these cytokines are maintained at relatively constant levels in the S. mitis infected chambers. In S. mitis infection, the bacterial load has decreased by nearly five logs by 7 days, but remains above 10 4 CFU/ml [11] , so the antibacterial inflammatory program is probably still in place in these chambers at 7 days after infection. 
Survival Factors
Several cytokines whose main function is to promote survival of various cell types were present at physiologically relevant levels in the chamber fluid. G-CSF was expressed at very high levels in both EP and S. mitis infected chambers at all time points, consistent with the need to support neutrophil function in both types of chambers (Fig 6) . Of interest, M-CSF and LIF were present at much higher levels in EP infected chambers than in S. mitis infection. M-CSF is a growth and differentiation factor for monocytes and macrophages, but we were consistently unable to identify these cell types within the chambers. LIF, which was originally identified as a leukocyte inhibitory factor, and is induced by LPS [17] , was also present at significantly higher levels in EP infections. Perhaps expression of these cytokines is a response by the innate immune system to the loss of neutrophils to support survival of other cell types such as monocytes in the face of the killing function of the EP bacterial species.
Cytokine response to infection with individual species
The large differences in cytokine response to EP and S. mitis infections were unexpected. Since S. mitis is Gram positive, and the EP mixture contains both Gram negative and Gram positive species, we were interested to understand if this difference could be partially responsible for the different responses. Accordingly, we tested the host response to infection with the individual species comprising the EP mixture (F. nucleatum, P. intermedia, S. intermedius, or P. micra). Levels of cytokines that showed large differences between EP and S. mitis (IL-1α, IL-6, KC, M-CSF and TNFα) were assayed in chamber fluid collected at 24 and 168 h after infection with the individual species (Fig 7) . In all cases, live bacteria were still present at 168 h after infection, at levels intermediate between the EP mix and S. mitis [11] . There are several observations that can be made from this analysis. First, there is no consistent difference between the response to Gram positive (S. intermedius and P. micra) and Gram negative (F. nucleatum and P. intermedia) organisms. Second, it appears that P. intermedia is able to drive the cytokine response to IL-1α, IL-6 and TNFα, since the cytokine response to Pi most closely matches that of the EP mix at 168 h (Il-1α and IL-6) or 24 h (TNFα). Third, the response to KC seems to be specific to each organism, with the highest response to F. nucleatum. And finally, S. intermedius appears to be responsible for the high level of M-CSF induced by the EP mix.
Discussion
Here we have used cytokine expression as a measure of the extent and nature of the host immune response to oral pathogenic and non-pathogenic bacteria. We have taken advantage of the unique features of the chamber model of infection to perform a comprehensive analysis of the cytokine and chemokine response to these species. In this model, the chambers contain Levels of inflammatory mediators IL-1α, IL-1β, IL-6 and TNFα. Cytokines were measured in chamber fluids collected at different times after infection as indicated. * -p<4x 10-4, for EP vs S. mitis as determined by unpaired t-test. TNFα, on the other hand, was present at much higher levels in S. mitis infected chambers as compared to EP, particularly at 12 and 24 h after infection. Levels of this cytokine remained very low in EP infected chambers at all time points except for 2 h (Fig 1) . In this case, in vitro analysis showed that TNFα levels were not reduced after incubation in EP chamber fluid (data not shown), suggesting that protease degradation is not responsible for the low levels of TNFα in EP infected chambers. doi:10.1371/journal.pone.0132752.g005
Cytokine Response in Endodontic Infection bacteria and infiltrating cells, mostly neutrophils, and the cytokine content of the fluid recovered from these chambers is easily analyzed. In total, the response to these two types of organisms was very different, with only 37% of the analytes examined (9/24) showing a similar pattern of expression between the two infections. This may partially be because S. mitis is a Gram-positive organism, while the EP mix contains both Gram-positive and Gram-negative bacteria. Previous studies have demonstrated that Gram-negative and Gram-positive bacteria elicit different cytokine responses in vitro in human monocytes and PBMC [18, 19] , with increased expression of more cytokines induced by Gram-positive species (IL-12, IFN-γ, TNF-α and IL-1β) than Gram-negative species (IL-6, IL-10 and IL-8 (the human homolog of KC)). Our results are similar to these in that in many cases (11/24) cytokine expression was higher in Gram-positive S. mitis infection than in EP infection (both Gram negative and Gram positive), while only 4/24 cytokines were present at higher levels in EP infected chambers, without considering the acute response cytokines. However, analysis of the cytokine response to the individual species including two Gram negative and two Gram positive species did not suggest a widespread differential response. For IL-1α and IL-6 at 24 h, there was a similar response to all the species tested. The Gram positive species did elicit a higher level of M-CSF and TNFα at 24 h but these are the only instances of such a polarization. While we do not know which cell types express the different cytokines in our model, it is likely that dermal epithelial cells and fibroblasts as well as monocytes/macrophages are responsible, which may explain why our results differ from those in PBMC.
Neutrophil accumulation at sites of infection is regulated by several G-protein coupled receptors on the cell surface. Most important among these are FPR1 and FPR2 (in mouse) that bind formylated peptides generated by bacteria [20] . The CXCR2 receptor, which in the mouse binds three chemokines of the ELR+ family [21] , is also important for neutrophil accumulation. In mice lacking CXCR2, neutrophils are unable to effectively exit the circulation to access infected tissues, confirming the importance of these receptors in the neutrophil response [22, 23]. It is of interest that all three CXCR2 ligands are expressed in S. mitis infected chambers at physiological levels, confirming redundancy built into the system. This redundancy is clearly required in the case of the EP infections, where the KC and LIX responses are blunted, but neutrophils still accumulate to nearly the same level as in S. mitis chambers. One reason for these differences is likely the degradation of KC by protease(s) present in the EP infected chambers (Fig 1E) . It is not known if LIX is similarly susceptible to protease digestion in the EP chambers. Furthermore, the level of KC-degrading protease activity expressed by the individual species was not assessed: this may affect the observed variable KC response to each species. Additionally, the cells that produce KC and LIX may be blocked or killed by the EP bacteria, preventing the synthesis of these chemokines.
Total neutrophil numbers remain at a steady level in the S. mitis infected chambers for 72 h after infection, with a slight increase at 7 days, while the proportion of live neutrophils declines significantly after 24 h [11] . These results suggest that neutrophil clearance may be slow in this system and that neutrophil entry into the chambers is represented by the live neutrophil population seen only at 12 and 24 h. The decline in live neutrophil numbers is coincident with the decrease in the levels of KC and LIX, while MIP-2 levels remain high. These results may suggest that KC and LIX are most responsible for bringing neutrophils to the chamber, but additional experiments are required to determine this. Similarly, the mechanism of the increase in cell numbers in the chambers 168 h after infection is not clear, but seems to be mediated by a mechanism different from the ELR+ chemokines.
The low level of T-cell associated cytokines IL-2, IL-12, and IL-17 are consistent with the lack of effect of the adaptive immune response at early times in these infections [5, 6, 9] . IFN-γ and IL-10 on the other hand are expressed at somewhat higher levels, albeit transiently. IL-10 plays a major role in controlling inflammation in endodontic infection in the mouse, consistent with its higher level of expression [7] . Its peak of expression at 12 h coincides with the peak level of live neutrophils in the S. mitis chambers, suggesting that an anti-inflammatory response is induced after the initial influx of neutrophils. It is of interest however that IL-10 disappears from the EP infected chambers by 72 h after infection; perhaps it is induced again at even later times after infection. The increase in IL-17 at later times in EP infected chambers could signal the start of an adaptive Th17-based immune response. IL-17 has been shown to have a protective role in endodontic infections mediated by MIP-2 and IL-1β [24] , which are also present in the chambers at this time. However, the low level of all these cytokines likely reflects the short time frame of this experiment, during which an adaptive response may not be effectively generated.
The contrasting regulation of IL-6 and IL-1α in the EP infected chambers is of considerable interest. Both of these cytokines were shown in rat or mouse models of endodontic infection to have a protective effect, although the role of IL-1α appeared more central [25] [26] [27] . In other models of infection, IL-1 signaling has been shown to be a critical regulator of chemokine expression and neutrophil accumulation [28] . It is of interest, therefore that expression of IL-1α is relatively low at early times, increasing more than 6 fold in EP infected chambers at later times of infection, at the same time as IL-6 expression is being reduced. These results suggest that there may be a switch in the inflammatory program at later times after infection, from an IL-6 based response to a response mediated primarily by IL-1α. Since IL-1α is not induced during the response to S. mitis, this suggests that the IL-1α response is required when the standard IL-6 response is insufficient. Results with the individual species suggest that P. intermedia drives both the increased IL-1α expression as well as the decrease in IL-6 at 168 h, which is consistent with our hypothesis that this species is responsible for disabling the initial neutrophil response to these infections, triggering the secondary IL-1α response. A similar pattern of expression of IL-6 peaking at early times and IL-1α peaking later was also observed in periapical lesions of mice following pulp exposure [29] , further confirming that the chamber model replicates the response in the pulp chamber.
Cytokines with roles in promoting survival of various cell types are highly expressed in the EP infected chambers. G-CSF, which mediates neutrophil production in the bone marrow, is present at very high levels in both types of chambers and at all time points. The role of this cytokine at the site of infection is not clear, but it likely supports neutrophil survival and function [30] . M-CSF, a growth factor for cells of the monocyte/macrophage lineage, is expressed only in the EP infected chambers, while this cytokine is not induced after S. mitis infection. Analysis of the response to the individual species suggests that S. intermedius is mainly responsible for the high level M-CSF response. Although we were unable to detect monocytes or macrophages in the recovered chamber cells, it is likely that tissue macrophages are associated with these infections, and that M-CSF acts to support their function [31] . A specific effect of S. intermedius on monocyte/macrophage function or expression is suggested by this result, but has not been previously reported. LIF (leukemia inhibitory factor) is similarly overexpressed in EP infection as compared to S. mitis. LIF is also induced by LPS [17] and is protective in bacterial pneumonia, where it protects from tissue damage and inhibits bacteremia [32] . It may provide a similar function in the chamber model of infection. Overexpression of LIF in EP infected chambers may also contribute to the lower levels of TNFα in these chambers up to 72 h, since LIF suppresses TNFα production [17] .
Conclusions
The cytokine and chemokine response to infection with the different organisms was strikingly different. Together, the results support the idea that the innate immune response to S. mitis is effective in attracting and supporting the function of cells that can kill and remove the bacteria. On the other hand, there are several defects in the innate response to the pathogenic species, likely reflecting multiple virulence mechanisms used by these species in persisting in the chamber infection. P. intermedia appears to be responsible for several of the cytokine responses elicited by the EP mixture, confirming that this species has a dominant effect on the host response in mixed infections. Further research will be needed to determine if manipulating the levels of one or several cytokines can be used to augment the host response to combat endodontic infections.
